Various factors have been proposed as possible candidates associated with the prognosis of amyotrophic lateral sclerosis (ALS); however, there is still no consensus on which biomarkers are reliable prognostic factors. C-reactive protein (CRP) is a biomarker of the inflammatory response that shows significant prognostic value for several diseases.
A myotrophic lateral sclerosis (ALS) is a severe neurodegenerative disorder with a fatal outcome and a mean survival time ranging from 2 to 5 years. 1 No treatment is currently available to modify the disease process of ALS. Age, 2,3 site of onset, 2 functional and respiratory status, [4] [5] [6] cognitive dysfunction, 7 clinical phenotypes, 8, 9 serum triglyceride and cholesterol levels, 10-12 creatinine level, 3 ,13 albumin level, 13 and C9orf72 expansion 14 have been proposed as possible candidates associated with the prognosis of ALS. However, there is still no consensus on which biomarkers are reliable prognostic factors in ALS.
15
C-reactive protein (CRP) is an acute-phase protein regulated by proinflammatory cytokines and secreted by hepatocytes during the inflammatory response.
16 C-reactive protein is referred to as a pentraxin because of its capacity to aggregate, in a noncovalent fashion, into flat pentameric discs. The pentraxins are presumed to have great survival value and to be intimately associated with innate immune defense. 17, 18 C-reactive protein is a biomarker of the inflammatory response with a significant prognostic value for several types of tumors, 19,20 cardiovascular diseases, 21 and rheumatic diseases. 22 Recently, Miller et al 23 presented the results of a randomized phase 2 clinical trial of a novel immune regulator, NP001, in ALS (NCT01281631). Although the results of the trial were negative, they showed that patients treated with NP001 whose baseline CRP levels were above the median for the entire randomized population had a slower progression of ALS than did patients with the same elevated baseline CRP levels who received placebo. Previously, Keizman et al 24 found in a small group of patients with ALS a significant correlation between the clinical disability and some sensitive biomarkers of inflammation, including CRP. To fully examine the prognostic significance of CRP in ALS, we evaluated its serum levels at first evaluation in a large cohort of patients with ALS observed in an Italian tertiary multidisciplinary center. We replicated the results in an independent cohort from a population-based registry of patients with ALS. Finally, we performed a post hoc analysis of the phase 2 trial of NP001 to evaluate if CRP may contribute to the identification of responders to the drug.
Methods

Analysis of Prognostic Value of CRP
We retrospectively collected data from 394 patients who received a diagnosis of ALS based on a detailed history, physical examination, and electrophysiologic evaluation 25 and who were living in the Lombardy region and in other adjacent Italian regions at the time of their initial visit to the NeuroMuscular Omnicentre (NEMO), a tertiary multidisciplinary center in Milan, between January 1, 2009, and December 31, 2014. All patients met the revised El Escorial diagnostic criteria for definite, probable, and probable laboratory-supported ALS. 26 The ALS Functional Rating Scale-Revised (ALSFRS-R) was used to assess disease severity. 27 Assessments were repeated every 3 To determine the prognostic value of CRP, serum levels were evaluated at enrollment and correlated with the clinical demographics of patients with ALS, such as age at diagnosis, sex, duration of disease at time of evaluation, site of onset, ALSFRS-R total score, body mass index, smoking status, and survival. To standardize the threshold that defines higher and lower CRP levels within the 3 centers, we arbitrarily chose the median value (0.20 mg/dL [to convert to nanomoles per liter, multiply by 9.524]) obtained in the NEMO cohort to subdivide patients into the normal CRP group (CRP, ≤0.20 mg/dL) and the elevated CRP group (CRP, >0.20 mg/dL). This threshold was used for all subsequent evaluations.
Post Hoc Analysis of the Phase 2 Trial of NP001
The phase 2 trial of NP001 was a randomized, double-blind, placebo-controlled clinical trial of patients with probable or definite ALS according to El Escorial criteria conducted by Neuraltus Pharmaceuticals from January 2011 through November 2012 in the United States. 23 Patients were allocated in a 1:1:1 manner to receive 1 mg/kg of NP001, 2 mg/kg of NP001, and placebo. Patients received a total of 20 infusions for 6 cycles during a 25-week double-blind treatment period. For our study, Neuraltus Pharmaceuticals provided clinical data from the trial, including the ALSFRS-R scores measured every 4 weeks during the trial and for a further 3 months after the end of treatment. To determine the value of CRP in detecting responders to the treatment, we evaluated serum CRP levels at enrollment and then subdivided patients into a normal CRP group and elevated CRP group.
Key Points
Question Is serum C-reactive protein a prognostic biomarker in amyotrophic lateral sclerosis (ALS)?
Findings In this cohort study of 394 patients with ALS, serum C-reactive protein levels at the first examination correlated with the degree of disability and with survival in patients with ALS. Moreover, a post hoc analysis of a phase 2 trial of NP001 showed that patients with elevated baseline serum C-reactive protein levels who received the higher dose of NP001 had significantly less functional impairment compared with other patients.
Meaning
Patients with ALS and elevated serum C-reactive protein levels progress more rapidly than do those with lower levels; this elevation may reflect a neuroinflammatory state potentially responsive to immune regulators such as NP001.
Statistical Analysis
Statistical analyses were performed with SAS version 9. For the post hoc NP001 analysis, the primary end point was the change in ALSFRS-R score from baseline through the end of the treatment period and follow-up. To analyze the effect of NP001 (both the 1-and 2-mg/kg dose) or placebo, each group was divided into normal CRP and elevated CRP subgroups, and the nonparametric Wilcoxon rank-sum test was used.
Results
Analysis of CRP Prognostic Value
Baseline characteristics of the NEMO cohort and the PARALS cohort are summarized in the In the NEMO cohort, CRP was not correlated with age at diagnosis (r = 0.06812; P = .19), sex (r = 0.00794; P = .65), disease duration at time of evaluation (r = 0.01154; P = . 97), or site of onset (r = 0.04776; P = .19). The CRP level was inversely correlated with the ALSFRS-R total score (r = -0.14818; P = .004), and this correlation remained significant even when adjusted for age, sex, body mass index, and smoking status (standardized β, -0.13499; P =.04) (Figure 1 Figure 2 ).
To evaluate whether the changes in CRP level over time were correlated with the changes in the ALSFRS-R score, we reviewed the available records of a group of 50 patients in the NEMO cohort who were evaluated in 3 consecutive follow-up visits during 1 year of observation. We correlated the slope of Correlation between Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R) score and serum CRP levels (r = 0.14818; P = .04) (to convert to nanomoles per liter, multiply by 9.524). the ALSFRS-R score with the slope of serum CRP levels and found that this correlation was significant (r = -0.37811; P < .001) even when adjusted for age, sex, body mass index, and smoking status (eFigure in the Supplement).
Post Hoc Analysis of the Phase 2 Trial of NP001
The post hoc analysis included data from 113 patients, excluding 23 patients with missing information about disease progression after the end of the treatment period. eTable 2 in the Supplement summarizes the demographic and clinical characteristics at baseline of patients in each treatment group (1 mg/kg of NP001, 2 mg/kg of NP001, and placebo). Baseline median CRP levels were similar between groups (1.41 mg/L for the patients who received 1 mg/kg of NP001, 0.96 mg/L for the patients who received 2 mg/kg of NP001, and 1.03 mg/dL for the patients who received placebo). There were no significant clinical differences at baseline between groups, except for mean (SD) disease duration, which was higher in the group receiving 1 mg/kg of NP001 than in the other 2 groups (22.52 [9.40] months for the patients who received 1 mg/kg of NP001, 17.23 [8.36 ] months for the patients who received 2 mg/kg of NP001, and 16.85 [8.26 ] months for the patients who received placebo; P = .007). In line with previous analyses, NP001 in both dose groups did not have a statistically significant effect on reducing ALS progression compared with placebo. However, when we subdivided each treatment group according to CRP level at enrollment (normal CRP group and elevated CRP group), we found that for patients treated with the higher dose of NP001 (2 mg/kg), the decrease in the mean ALSFRS-R score in the elevated CRP group was less than half the decrease in the normal CRP group for all periods following the end of treatment (weeks 25, 29, 33, and 37) (eTable 3 in the Supplement; Figure 3 ). One evaluation point, week 33, showed a statistically significant difference in the decrease in mean ALSFRS-R score among the group receiving 2 mg/kg of NP001 (normal CRP level, -7.31 mg/L; elevated CRP level, -3.00 mg/L; P = .045). Moreover, using the same subgroups to compare the NP001 arms with placebo, we found that patients in the elevated CRP group receiving the higher dose of NP001 had significantly less functional impairment (eTable 4 in the Supplement; Figure 4 ). Again, after the end of treatment, patients with elevated serum CRP levels who were receiving 2 mg/kg of NP001 had statistically significant decreases in ALSFRS-R score of less than half the decrease of patients receiving placebo at weeks 29 (-2.1 vs -6.7; P = .01), 33 (-3.0 vs -8.0; P = .03), and 37 (-3.7 vs -9.0; P = .03). More important, there appeared to be a doseresponse association in patients with elevated serum CRP levels and no discernible difference between the NP001 and placebo arms in patients with normal baseline serum CRP levels ( Figure 4 ).
Discussion
We have analyzed the prognostic significance of CRP in ALS, evaluating its serum levels at first evaluation in a large cohort of patients with ALS in an early phase of the disease (as expressed by a disease duration <20 months from first onset of symptoms) without an active inflammatory process and observed in an Italian tertiary multidisciplinary center. In our analysis, CRP level was not correlated with age at diagnosis, sex, disease duration, or site of onset of ALS. Serum CRP levels were correlated with the severity of functional impairment, as measured by ALSFRS-R total score; this correlation was independent from patients' age, sex, body mass index, and smoking status. Moreover, evaluating a group of 50 patients with ALS in a year of follow-up visits, we found a significant negative correlation between the slope of the ALSFRS-R score and the slope of serum CRP levels, emphasizing the significance of the serum CRP level as a useful, feasible, and potentially prognostic factor in patients with ALS. Moreover, the serum CRP level was significantly correlated with patient survival, showing that patients with ALS and elevated serum CRP levels at first evaluation had a signifi- cantly shorter survival compared with those with normal serum CRP levels. Similar results were found in an independent cohort obtained from a population-based registry of patients with ALS. In particular, according to the hazard ratio evaluated in discovery and validation cohorts, for every 1-point increase in the serum CRP level, we detected an effect of 13% (hazard ratio, 1.129; 95% CI, 1.033-1.234) and 4% (hazard ratio, 1.044; 95% CI, 1.016-1.056), respectively, on survival time in the patients with ALS evaluated in our study (eTable 1 in the Supplement). These data suggest that serum CRP levels may be useful as a prognostic biomarker in patients with ALS. Both acute and chronic inflammation stimulates the release of proinflammatory cytokines, mainly IL-6, into the bloodstream. The liver responds to this release by producing acute-phase reactants such as CRP, which is the most commonly used marker of an acute-phase reaction and was first discovered in the serum of patients with pneumococcal pneumonia.
29 Thus, our study supports the importance of inflammation in ALS and that CRP may represent a simple biomarker obtainable from blood samples from each patient independent of his or her clinical condition. Some studies also showed an increment of CRP in the cerebrospinal fluid of patients with ALS, emphasizing the significance of neuroinflammation in the disease.
30-32
C-reactive protein is an in vivo activator of complement.
33
The complement pathway has been postulated to contribute to motor neuron disease, and levels of complement proteins, including C3, have been shown to be increased in the cerebrospinal fluid and spinal cord tissue of patients with ALS. 34-36 Therefore, CRP may contribute to the activation of the complement pathway in motor neuron disease. Activation of inflammatory and complement pathways is not specific to ALS or other neurodegenerative diseases. However, in cerebrospinal fluid, the phosphorylated neurofilament heavy chain to CRP ratio showed significant differences in ALS compared with both disease controls and healthy control groups, suggesting that inclusion of general inflammatory responses allows more specificity in identifying ALS.
37
High CRP levels increase permeability of the blood-brain barrier 38 and elicit microglial activation in the brain.
39
Results of animal studies showed that systemic inflammation contributes to the neurodegenerative process through microglial activation.
32,40,41
It had been generally believed for many years that CRP was produced only in the liver and carried in the circulation to other organs. Molecular genetic techniques have demonstrated that CRP can be produced locally in the brain and that its production of CRP is sharply upregulated in areas damaged by neurodegenerative processes, as in Alzheimer disease. 42 Neurons are the most prominent generators of CRP in the central nervous system. 42, 43 In Alzheimer disease, CRP is associated with damaged fibers within senile plaques. 44 In our study, the significant correlation of serum CRP level with neurologic functional impairment and survival in patients with ALS in the early phase of the disease and without an active inflammatory process supports the hypothesis that the increment of CRP in the peripheral blood may be the mirror of the upregulation of the production of CRP in the central nervous system. Recently, Lu et al 45 showed that the cytokine IL-6 was strongly associated with CRP levels and was the only marker showing increasing expression toward end-stage disease in the longitudinal analysis. In a retrospective analysis, patients with Parkinson disease and elevated CRP levels at baseline had a significantly shortened survival compared with those with normal CRP levels. 46 Moreover, CRP has been associated with severity of functional impairment in other neuromuscular disorders. In particular, in patients with Duchenne muscular dystrophy, high levels of CRP (mean, 3.94 md/dL) were associated with poor functional impairment and obesity. 47 In another study, CRP was significantly higher (mean, 0.99 mg/dL) in patients with type 2 diabetes and peripheral neuropathy compared with those with type 2 diabetes without peripheral neuropathy (mean, 0.25 mg/dL).
48
In our study, we also used the serum CRP level as a biomarker to better stratify responders or nonresponders to treatment with NP001, a pH-adjusted intravenous formulation of purified sodium chlorite that regulates inflammation in vitro and in vivo.
49 NP001 is a novel regulator of inflammatory macrophages and monocytes that downregulates nuclear factor kB expression and inhibits production of the proinflammatory cytokine IL-1b. 24,50-53 These mechanisms of downregulation transform monocytes and macrophages from a proinflammatory state to a basal phagocytic state. The randomized phase 2 clinical trial showed that NP001 did not significantly slow disease progression in patients with ALS. However, the results of the study suggested a slowing of progression in the high-dose group among patients with elevated levels of inflammation. In our study, we performed a post hoc analysis of the phase 2 trial of NP001, which showed that, in the group of patients treated with the higher dose of NP001, the worsening of functional impairment after the end of the treatment was significantly less in patients with elevated CRP levels compared with those with normal CRP levels. When compared with the patients in the placebo group, patients with elevated CRP levels at baseline showed a significant NP001 dosedependent slowing in loss of function as measured by change from baseline ALSFRS-R scores. Moreover, our study emphasizes the importance of developing treatments to control disease processes that increase levels of CRP or pentraxin activity. Because pentraxin activity is associated with activation of the complement cascade, immunomodulatory agents such as NP001 might mitigate complications of an autotoxic attack thought to be associated with neurodegenerative diseases.
42
Limitations
Although our results are encouraging, there are some limitations to the study. First, the number of patients included was limited, in particular, in the group of patients with consecutive follow-up visits. Second, we did not correlate the serum CRP level with other peripheral neuroinflammatory biomarkers or with the cerebrospinal fluid CRP levels. 
Conclusions
Our findings confirm that CRP may be used both as a prognostic factor and a biomarker to stratify patients with ALS who have a more prominent neuroinflammatory process that may respond to targeted treatments. However, further analyses in larger cohorts of patients with ALS, as well as studies using longitudinal samples to detect how CRP levels really reflect the rate of progression and disease states, are needed to justify its use as a prognostic peripheral biomarker for patients with ALS with a significant central nervous system inflammatory process. In this context, these studies may be useful to detect how the CRP levels change over time in patients with ALS who have higher initial CRP levels and more rapid progression, or in patients with lower initial CRP levels. American Medical Association All rights reserved 
